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Inorganic-organic hybrid lead halide perovskites, consisting of the lead halide octahedral frame-
work and the organic molecular cations, are among the key materials for the next generation photo-
voltatics. Theoretical studies predicted that both the organic and inorganic components are mechan-
ically soft with profound dynamic disorder at room temperature, which can dominate the structural
stability and even affect the carrier transport. We investigate ultrafast vibrational dynamics of
CH3NH3PbI3 under photoexcitation with a 1.5-eV light pulse. The optical pulse induces transient
polarization anisotropy in the material and induces coherent libration and torsion oscillations of
methylammonium ion (MA+) molecules. The frequencies of the MA+ oscillations exhibit blueshifts
with increasing pump density and redshifts with time on sub-picosecond scale, both demonstrating
the strong anharmonicity of the vibrational potential that was predicted by previous theoretical
studies.
I. INTRODUCTION
Organic-inorganic hybrid lead halide perovskites such
as CH3NH3PbI3 have attracted great attention in the
past few years not only because of their excellent per-
formances in solar cells and other opto-electronic appli-
cations but also their unusual physical properties [1–3].
The material consists of the heavy inorganic lead halide
octahedral framework (PbI6) and the light organic group
(CH3NH3) embedded in them. The structural and elec-
tronic properties of the hybrid perovskites are essentially
similar to those of the all-inorganic perovskites such as
CsPbI3 and therefore expected to be dominated by the
inorganic sublattice. The conduction band minimum
(CBM) and the valence band maximum (VBM) of both
materials consist primarily of Pb and halogen orbitals
[4, 5], and the structural deformation of the inorganic
sublattice can lead to the modification of the band gap
energy [3, 5–7]. The inorganic framework is mechani-
cally soft and exhibits dynamic disorder involving large-
amplitude halogen atom motions [1, 8–10], which leads to
a structural instability and the order-disorder transition
with temperature [3, 10–13].
The roles of the organic molecule such as the methyl
ammonium cation (CH3NH
+
3 or MA
+) have been less
understood [14], although the hybrid perovskites tend
to show slightly improved structural and optoelectronic
properties compared with their all-inorganic counter-
parts. A theoretical study predicted that the hydrogen
bonding with MA+ can affect the bond lengths and an-
gles of the PbI6 octahedra and thereby the band gap
energy [4]. In addition, the cations, both organic and
inorganic, are predicted to be dynamically disordered at
room temperature [8, 15]. For the organic cations with
an electric dipole moment, this can lead not only to the
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screening of the carriers photoexcited in the inorganic
sublattice [16] but also to the creation of a long-range po-
tential fluctuations on sub-100 fs time scale and nanoscale
spatial localization of the CBM and VBM [6, 17].
The atomic motions and their coupling with electronic
states of the lead halide perovskites have been studied
extensively by means of Raman scattering spectroscopy.
At room temperature, however, the Raman spectra typ-
ically consist of weak broad bands, especially in the low
frequency region where the vibrations of the inorganic
cages and of the rigid organic molecules appear [18–25].
This is because the static spectroscopy detects the tem-
poral average of the lattice structure that has dynamic
disorder on picosecond time scale [6, 11, 17]. An alterna-
tive approach is to excite coherent phonons with an ultra-
short optical pulse and detect them in the time domain
in a pump-probe scheme. Previous time-resolved stud-
ies on CH3NH3PbI3 excite coherent inorganic sublattice
deformations and organic ion motions either under elec-
tronically resonant [26–30] or non-resonant [31] photoex-
citation conditions and detect them as periodic modula-
tions in the optical absorption, but limited signal-to-noise
(S/N) ratio and time-resolution. A recent study on all-
inorganic CsPbBr3 under pre-resonant photoexcitation,
by contrast, demonstrated the drastic time-evolution of
the vibrational frequency with superior S/N ratio [32].
This finding is in contrast to the coherent phonons in a
typical inorganic crystal such as silicon [33] but suggests
the strong vibrational anharmonicity that had been pre-
dicted for all-inorganic perovskites by theoretical studies
[11, 13].
In the present study we investigate the ultrafast vibra-
tional dynamics of CH3NH3PbI3 under moderate pho-
toexcitation near the bandgap. Periodic modulations
arising from the coherent motions of the MA+ molecules
are observed in the transient transmissivities. The good
S/N ratio allows us to quantitatively analyze the oscil-
lation in the time domain, giving a direct experimental
evidence to the strong anharmonicity in the vibrational
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2FIG. 1. Raman scattering spectrum of the glass substrate
with MAPbI3 film (top trace) and without (bottom trace)
excited at 532 nm. Traces are offset for clarity.
potential.
II. EXPERIMENTAL METHODS
The sample consists of a glass substrate, a 250-nm
thick polycrystalline CH3NH3PbI3 (methyl ammonium
lead iodide: MAPbI3) film and a polymethyl methacry-
late (PMMA) capping layer. The details of the MAPbI3
film fabrication is described elsewhere [34, 35]. The fab-
rication procedures were performed in a glove box filled
with nitrogen. PbI2 film is first spin-coated on a 1-mm
thick glass substrate, followed by the spin-coating of a
mixture of MAI and MACl [34]. The as-grown MAPbI3
film is then heated at 100◦C together with MACl powder
[35]. The sample is finally coated with a 100-nm thick
PMMA capping layer. The average crystalline domain
size of MAPbI3 film is obtained to be ∼100 nm from the
XRD pattern [35]. The SEM image shows relatively uni-
form grain size ranging between 150 and 500 nm, with
an average of ∼300 nm [35].
Raman scattering measurement of the MAPbI3 sample
is performed using a Renishaw Invia Raman microscope
with excitation at 532 nm. The Raman spectrum, shown
in Fig. 1, features peaks at ∼115 and 255 cm−1, which
can be assigned as the libration and torsion of the rigid
methyl ammonium cation (MA+) molecule based on the
comparison with previous Raman studies listed in Ta-
ble I. The Raman spectrum also shows peaks at 900 and
970 cm−1, which can be assigned as MA+ rocking and C-
N stretching [18, 24, 39]. The small peak at 552 cm−1 can
be a contribution from the glass substrate, because the
Raman spectrum of a glass without MAPbI3 film shows
a peak at a similar Rama shift, as also shown in Fig. 1.
Pump-probe transmission measurements are per-
formed in ambient condition using an output of a
Ti:sapphire oscillator (Griffin, KMLabs) with 12-fs dura-
tion and 80 MHz repetition rate as the light source. The
laser pulse has a broadband spectrum extending from 750
to 880 nm (1.65 to 1.41 eV), and only a small fraction
(∼1/6) of the spectrum exceeds the bandgap of MAPbI3
(1.6 eV at room temperature). The pump density was
varied between 3 and 57 µJ/cm2 whereas the probe was
FIG. 2. (a) Oscillatory part of anisotropic transient trans-
missivity of MAPbI3 thin film. Pump density is 19 µJ/cm
2.
Pump beam is polarized along the x direction. Inset shows
the as-measured transient transmissivity. (b) Fast Fourier-
transform (FFT) spectrum of the oscillatory transient trans-
missivity in (a). FFT spectrum for a glass substrate without
the MAPbI3 film is also shown for comparison.
kept at 0.64 µJ/cm2. Linearly polarized pump and probe
beams are focused onto an identical spot on the sample
surface with spot sizes of ∼50 µm in diameter. Inci-
dent probe light is polarized ∼ 45◦ from horizontal, and
pump-induced anisotropic modulation of the transmit-
ted probe light ∆Ty −∆Tx is measured by detecting its
horizontal (x) and vertical (y) polarization components
with a pair of balanced Si PIN photodetectors. This
scheme is equivalent to the time-resolved optical Kerr
effect (TR-OKE) measurements employed in a previous
study [32]. The signal from the photodetector pair was
pre-amplified and averaged in a digital oscilloscope, typ-
ically over 10,000 scans, while the time delay t between
the pump and probe pulses was swept at 20 Hz.
III. RESULTS AND DISCUSSION
Inset of Fig. 2a shows the pump-induced transmission
change of the MAPbI3 film. At photoexcitation (t=0)
3TABLE I. Frequencies in wavenumbers (cm−1) of coherent phonons and Raman peaks of MAPbI3 observed in this work,
in comparison with the Raman-active phonon frequencies reported in previous studies. TT, R and calc. stand for transient
transmissivity, Raman scattering and calculation.
TT R R[18] R[20] R[36] calc.[37] calc.[38] Assignments
(this work) (this work)
124 (3.7 THz) 115 119, 154 150 61-175 MA+ libration
268 (8.1 THz) 255 249 250 215 290 MA+ torsion
FIG. 3. (a) Schematic illustrations of atomic motions ob-
served as coherent MA+ vibrations in the present study [48].
(b) Schematic illustration of an atomic vibration in a strongly
anharmonic vibrational potential (red solid curve). Impulsive
photoexcitation induces a coherent vibration at a large ampli-
tude, whose frequency is higher than that of the same mode at
a small amplitude. Black dotted curve represents the effective
harmonic potential.
(∆Ty − ∆Tx)/T exhibits a sharp binary spike, followed
by a relaxation within a few hundred femtoseconds to-
ward a baseline that hardly decays within the time win-
dow of ∼10 ps. The initial spike and the following relax-
ation can be interpreted as the pump-induced polariza-
tions in the PbI6 octahedral framework and among the
MA+ cations, both of which fluctuate randomly on a few
hundred femtosecond time scale in the absence of pump
electric field [8, 40–43]. The hardly decaying baseline can
be attributed to carriers photoexcited and probed at the
CBM of MAPbI3, which relax on nanosecond or longer
time scale [44–47].
On top of these relatively intense non-oscillatory re-
sponse, a much weaker quasi-periodic modulation is also
visible. The main panel of Fig. 2a shows the oscillatory
component after subtraction of the non-oscillatory com-
ponent by fitting to a multi-exponential function. The
fast Fourier transformed (FFT) spectra in Fig. 2b demon-
strates that the coherent response is dominated by oscil-
lations at ∼4 and 8 THz (∼130 and 260 cm−1). From
the comparison with the Raman frequencies in Table I
they can be respectively assigned to the libration and
the torsion of the rigid MA+ molecule, whose atomic
motions are schematically illustrated in Fig. 3a. The
rotation of a free MA molecule is Raman inactive, but
its restricted rotations such as libration and torsion in
FIG. 4. Oscillatory component of (∆Ty −∆Tx)/T (colored
dots) of MAPbI3 pumped at different densities. Black curves
represent fits to eq. (1).
the inorganic octahedral framework become Raman ac-
tive due to the lowering of the symmetry [24]. Previous
studies demonstrated that the MA+ torsion mode, which
was also referred to as restricted rotation or twisting, was
especially susceptible to temperature as well as to halo-
gen substitution, indicating that this mode is strongly
contributed by the H–I bonding between the MA+ and
the PbI6 [24, 30, 38].
We note that additional small features at ∼16 and 32
THz in the FFT spectrum in Fig. 2b can be arising from
the glass substrate, as demonstrated in the FFT spec-
trum obtained from glass substrate without MAPbI3 film
in the same figure. The frequencies of these small features
also correspond to those of the Raman spectrum from the
glass substrate in Fig. 1.
The oscillation in the transient transmissivity in
Fig. 2a appear very complicated at first glance, with its
amplitude suddenly suppressed at t ∼0.4 ps. They can
be fitted, however, approximately to a double damped
harmonic function,
f(t) = Alib exp(−Γlibt) sin(2piνlibt+ φlib)
+Ator exp(−Γtort) sin(2piνtort+ φtor), (1)
4FIG. 5. Pump density-dependences of the frequencies (a),
amplitudes (b) and dephasing rates (c) obtained from the
fitting shown in Fig. 4. In (a) νlib and νtor are plotted re-
spectively against left and right axes. Curves and lines are to
guide the eye.
as shown with black curves in Fig. 4. Here the sub-
scriptions “lib” and “tor” denote MA+ libration and
torsion. The amplitudes Alib and Ator obtained from
the fitting increase linearly with pump density, whereas
the dephasing rates Γlib and Γtor increases until they
reach saturation at ∼ 20µJ/cm2, as shown in Fig. 5.
Most notably, both libration and torsion frequencies ex-
hibits a steep blushift with increasing pump density up
to ∼10 mJ/cm2, as shown in Fig. 5a. νlib then continues
to blueshift moderately until it reaches a saturation at
∼ 40µJ/cm2, whereas νtor exhibits a slight redshift and
reaches a saturation at a similar density.
In typical inorganic solids, increase in pump density
tends to lead to a frequency redshift, or softening, of lat-
tice vibration due to laser-induced heating, lattice anhar-
monicity, and through interaction with non-equilibrium
electronic system [33, 49, 50]. A frequency blueshift, or
hardening, at high pump density is possible, however, if
the vibrational potential is highly anharmonic, as pre-
dicted in the previous theoretical studies [51, 52] and
illustrated schematically in Fig. 3b. Here the vibrational
FIG. 6. Time-windowed FFT spectrum of the oscillatory
part of (∆Ty −∆Tx)/T using a Gaussian time window with
200-fs half width. Pump density is 19 µJ/cm2. Pump beam
is polarized along the x direction. Broken curves indicate the
positions of the FFT peaks.
potential is nearly quadratic at a small amplitude but
approaches biquadratic at a large amplitude due to the
hydrogen-bonding of MA+ to the iodine atoms in the
surrounding PbI6 cage. The frequency of an oscillator in
such a potential would blueshift with increasing vibra-
tional amplitude under higher pump density, which can
explain at least the initial steep blueshifts of νlib and νtor.
The increase in the dephasing rates, Γlib and Γtor, with
increasing pump density (Fig. 5c) is consistent with the
vibrational anharmonicity arising from stronger interac-
tion with the environment at larger vibrational ampli-
tude.
In a highly anharmonic potential, the frequency of the
coherent oscillation is expected to vary with time, be-
cause the vibrational potential is steeper when the atom
is displaced at a large amplitude right after photoexci-
tation, and become less steep as the amplitude is re-
duced with time. A damped harmonic function in eq. (1),
whose frequency is independent of time, could only ap-
proximately describe such a situation. To visualize the
actual time-evolution of the frequencies we perform time-
windowed FFT on the oscillatory transmissivity change.
This is done by first multiplying the oscillatory transmis-
sivity signal ∆T (t) with a Gaussian time window posi-
tioned at twin:
G(t, twin) = exp[−(t− twin)2/δ2], (2)
and then perform fast Fourier transform:
A(ν, twin) =
∫ ∞
−∞
∆T (t)G(t, twin)e
−2piiνtdt. (3)
Figure 6 plots the FFT spectral amplitude A as functions
of frequencyν and time-window position twin. Here the
5peak position for the MA+ torsion at ∼8 THz, indicated
with the upper white curve, redshifts with time for the
first 0.5 ps. The redshift with time, or downchirp, can be
an experimental manifestation of the theoretically pre-
dicted strong anharmonicity. The peak position for the
MA+ libration at ∼4 THz, by contrast, shows a moder-
ate downchirp only at t >0.2 ps. This can be due to the
destructive interference with the torsion mode for t <0.2
ps, which gives rise to a sharp dip between the two peaks
and leads to the apparent redshift of the libration peak.
IV. CONCLUSION
We have investigated the ultrafast vibrational dynam-
ics of MAPbI3 under moderate photoexcitation with a
femtosecond optical pulse. Coherent restricted rotations
of MA+ have been monitored in the real time in tran-
sient transmissivity following the creation of photocarri-
ers and short-lived anisotropic polarizations. The MA+
libration and torsion are damped within half a picosec-
ond due to the strong hydrogen-bond interaction with the
surrounding PbI6 cage. Their vibrational frequencies de-
pend on pump density as well as time, demonstrating ex-
perimentally the strong anharmonicity of the vibrational
potentials that had been predicted theoretically. We thus
reveal the vibration dynamics of MAPbI3 at room tem-
perature on sub-picosecond time scale, which is difficult
to obtain by means of time-integrated vibrational spec-
troscopy due to its ultrafast dynamic disorder.
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